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STUDY QUESTION: Do daily manipulations of preimplantation embryos with polycarbonate (PC)—made bisphenol A (BPA)—releasing
strippers influence embryo development?

SUMMARY ANSWER: Compared to glass strippers, PC strippers enhance the blastocyst development rate but this does not seem to
be BPA-related.

WHAT IS KNOWN ALREADY: PC strippers have been shown to release tiny amounts (around 0.5 ng/ml BPA) of BPA in routine hu-
man |VF procedures. A chronic exposure to BPA either in vivo or in vitro during the preimplantation period can impact post-implantation
and post-natal development. BPA can act rapidly by binding to membrane receptors and inducing rapid non-genomic effects.

STUDY DESIGN, SIZE, DURATION: This experimental study using mouse embryos had a balanced design and blinded evaluations of
the endpoints.

PARTICIPANTS/MATERIALS, SETTING, METHODS: In vivo fertilized zygotes were obtained from outbred Swiss CD| mice cross-
ings after an ovarian stimulation. The zygotes were allocated to three daily handling conditions (HCs) and cultured until Day 4 in a single
human commercial medium. Each day, the embryos were handled for 20s either in a PC stripper (HCI) or in a glass stripper (HC2).
In HC3, the embryos were pre-exposed to 0.5 ng/ml BPA before being handled for 20s in a glass stripper. Handling operations were
repeated on Days |, 2 and 3. Embryo development was assessed blindly on Day 4. Expanded blastocysts were selected for a
transcriptomic analysis using Agilent Sureprint G3 Mouse GE v2 microarrays and the retrotransposon LINEI-Orf2 expression was analysed
using gRT-PCR, as a proxy for a global evaluation of the epigenetic status.

MAIN RESULTS AND THE ROLE OF CHANCE: Compared to the embryos manipulated in HC2 (n = 243), those in HC| (n=228) de-
veloped significantly more often to the blastocyst stage (55 vs 46%; P < 0.05). It appears the effect of these PC strippers was not BPA-related
because embryos pre-exposed to BPA (HC3, n=230) showed no difference in the blastocyst rate when compared to HC2 (43 vs 46%).
When analysing same-stage blastocysts, we noticed no difference in the embryo gene expression between the three HC groups.

LARGE SCALE DATA: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgilacc=GSE | 48868.

LIMITATIONS, REASONS FOR CAUTION: Our results using a mouse model designed to mimic human conditions (outbred strain,
human commercial IVF dishes and a unique commercial human embryonic culture media) are reassuring since no gene was found to be dif-
ferentially expressed, including LINE-| genes, as a proxy for a global evaluation of the epigenetic status. However, no global epigenetic
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analysis of the genome has been performed. Furthermore, we did not evaluate post-implantation events, although BPA exposure during
peri-conception could affect foeto-placental and post-natal development.

WIDER IMPLICATIONS OF THE FINDINGS: Based on the precautionary principle, several European countries banned the use of
BPA in baby bottles and food packaging several years before European Agencies took an official position. The question of applying this

principle to plastics in closed contact with human embryos is raised. Further studies are needed for a decision to be made.

STUDY FUNDING/COMPETING INTEREST(S): This study was supported by a grant from the Agence de Biomédecine (AOR

2016). The authors declare no competing interest.
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Introduction

Of the environmental toxins that can affect the human reproductive
function, bisphenol A (BPA) has been one of the most studied. A re-
view concluded that BPA is reprotoxic in humans, mainly acting on the
ovaries and the uterus (Peretz et al., 2014). Several studies carried out
in women using ARTs have shown an inverse relationship between the
urinary BPA concentration and the antral follicle count (Souter et dl.,
2013), the number of total collected oocytes (Mok-Lin et al., 2010)
and recovered mature oocytes, the oestradiol peak level at the end of
ovarian stimulation (Mok-Lin et al., 2010; Ehrlich et al., 2012b), the fer-
tilization rate (Ehrlich et al., 2012b) and, finally, the risk of embryo im-
plantation failure (Ehrlich et al.,, 2012a). Numerous in vivo and in vitro
studies in animal models have determined that BPA alters the quality
of oocyte meiosis (Peretz et al., 2014).

Female mice exposed to high doses of BPA (40 and 100 mg/kg/day)
from 0.5 to 3.5 days post-coitum (dpc) (i.e. the preimplantation period
of embryo development) showed a decrease in (40 mg/kg/day) or an
absence of (100 mg/kg/day) implantation sites at 4.5 dpc (Xiao et al.,
2011). The transit of embryos in the fallopian tubes and embryonic
development are delayed at 3.5 dpc, with the majority of embryos be-
ing found in the fallopian tubes and few have reaching the blastocyst
stage (Xiao et al., 2011). Similarly, in vitro embryonic development in
the presence of a high concentration (100 uM) of BPA is delayed
(Takai et al, 2001). Recently, it has been shown that pre- and peri-
conceptional exposure to BPA in female mice lead to an altered ex-
pression in the foetus at 9.5 dpc of some imprinted genes associated
with DNA methylation abnormalities (Susiarjo et al., 2013). This con-
firmed other studies in which it was demonstrated that BPA can alter
the methylation level of parental imprinted genes at the oocyte level via
a disruption of oestrogen receptor signalling pathways (Chao et al.,
2012). However, in all these studies, the exposure of the oocyte/em-
bryo to BPA was prolonged.

In ART, human oocytes and embryos are submitted to non-
physiological handling and culture conditions, especially a particular and
intensive use of plastic consumables. We have previously shown that
in routine ART conditions, some of these plastic products (stripper
tips used for oocyte and zygote denudation and fine embryo manipula-
tion) could release BPA (Gatimel et al., 2016) at concentrations in the
ng/ml range, similar to those found in serum and human follicular fluids
(Vandenberg et al., 2010). The plastic used for the manufacture of
these strippers is polycarbonate (PC), a very well-known BPA polymer
than can release BPA monomers. For this reason, BPA-based PC plas-
tics have been banned in the manufacturing of baby bottles in many
countries. The handling of human oocytes and preimplantation em-
bryos with PC strippers means they are in close contact with BPA for

a few seconds each time they are handled. The consequences of these
short contacts remain unknown but must be studied for two reasons.
First, apart from the typical nuclear oestrogen receptors, BPA can be
linked to various other types of receptors (MacKay and Abizaid, 2018)
including membrane receptors such as the G-protein-couple oestrogen
receptor (GPER). GPER can regulate rapid cellular responses through
the activation of adenyl cyclase and the recruitment of second messen-
ger cascades like cAMP which activates the protein kinase A pathway.
GPER can also induce rapid non-genomic effects by mobilizing intracel-
lular calcium following the activation of the PI3K signalling pathways.
In mice, GPER is expressed in the oocyte/embryo (Li et al, 2013;
Yu et al, 2015) and mediates the fast action of E2 on the blastocyst,
inducing intracellular calcium release, and on the cytoskeletal
rearrangements (Zhang et al., 2017), affecting its implantation potential
(Yu et al., 2015). In humans, GPER protein was detected in the oocyte
(Heublein et al., 2012) but has not yet been studied in the embryo, as
far as we know. Secondly, the preimplantation period is a time of
major expression modifications through epigenetic changes that are
sensitive to environmental challenges (Xavier et al, 2019). Under
in vitro conditions, unlike in vivo conditions, this sensitivity is probably
increased due to the lack of detoxification mechanisms inherent to the
tissue/cell structures in the environment of an oocyte (cumulus and
granulosa cells) or embryo (epithelial tubal and endometrial cells). The
deleterious effect of culturing mice embryos in the presence of BPA
was indeed substantially prevented when the culture was performed
on endometrial epithelial cells (Lee et al., 2012).

Therefore, the aim of the study is to assess whether handling em-
bryos with BPA-containing strippers has an influence on embryo devel-
opment, the transcriptome profile or the epigenetic status in the
mouse model.

Materials and methods

Outbred Swiss-CD| mice (7 weeks) from JANVIER LABS (Le Genest
St Isle, France) were housed under the standard European animal care
guidelines in a pathogen-free barrier facility (i.e. 22°C= 1°C, around
50% humidity and 12h light/dark cycle with a normal chow diet).
The facility has been authorized for animal research (agreement n°A31
555 01 I) since 10/12/2015. Ethical approval was unnecessary for this
experiment in accordance with Directive 2010/63/EU. The mice
were super-ovulated with a bolus of PMSG (10Ul via intraperitoneal
route, from Centravet, Lapalice, France). Ovulation was induced by a
bolus of hCG (5 Ul via intraperitoneal route, from Centravet, Lapalice,
France). They were then crossed with males from the same strain.
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Mating was verified by the presence of a vaginal plug. Mice were eu-
thanized by cervical dislocation. The zygotes were recovered approxi-
mately 20 h after hCG injection by flushing the oviducts with a 37°C
M2 media (Sigma Aldrich, Saint Quentin, France) in polystyrene petri
dishes (VWR International, USA, ref.: 391-0108). The zygotes were
then transferred into dishes with hyaluronidase (Sigma Aldrich, Saint
Quentin, France), dissected under stereomicroscope and subjected to
three washes with M2 Medium. Finally, isolated one-cell embryos
were stored in a 25pl drop of Global® Total® medium
(CooperSurgical, Versailles, France) covered by 7ml mineral oil
(FertiCult, Fertipro, La Mulatiére, France) pending further handling.

Handling of zygotes and embryos

Zygotes were divided into three groups corresponding to three differ-
ent handling conditions (HCs) for 3 days (Fig. |). Between the daily
handling operations, the zygotes and embryos were all cultured in
60 mm diameter IVF-certified polystyrene dishes (VWR International,
USA, ref.: 391-0108) in a 25 ul drop of Global® Total® medium over-
laid with 7 ml mineral oil (FertiCult, Fertipro, La Mulatiére, France) at
37°C, 5% CO, in the same incubator. Dishes, media, plastic pipette
tips had been previously shown not to release detectable BPA
(Gatimel et al., 2016).

As described in Fig. |, HCI| was a condition mimicking the routine
embryo handling operation applied in human ART labs. HC2 was a
negative control condition in which embryos are not supposed to

interact with BPA. HC3 was a positive control condition in which em-
bryos encountered BPA at 0.5 ng/ml (i.e. in the range of concentration
levels previously measured in several brands of PC strippers rinses)
(Gatimel et al., 2016). In HCI, the zygotes or embryos were first han-
dled with an [VF-certified glass stripper (Manipulation SG Pipette,
SYNGA, Praha, Czech Republic) in 3 pl of medium in order to place
them into a 25 pl drop of Global® Total® medium supplemented with
0.33% of dimethylsulfoxide (DMSO) (Sigma Aldrich, Saint Quentin,
France) for 15min. Three microliters of the medium then aspirated
into a PC stripper (Denudation pipette, EZ—Tips®, Research
Instrument, Versailles, France) for 20's before being placed into a 25 pl
drop of Global® Total® medium for culture until the next day. DMSO
was added because in the last condition (HC3), BPA was dissolved be-
forehand in this vehicle. In HC2, the zygotes or embryos were handled
exactly in the same way except for the fact that the stripper maintain-
ing the embryos for 20s was a glass stripper (Manipulation SG Pipette,
SYNGA, Praha, Czech Republic). In HC3, the zygotes or embryos
were handled in the same way as in HC2, except for the fact that the
25l drop of Global® Total® medium was also supplemented with
BPA (Sigma Aldrich, Saint Quentin, France) at 0.5ng/ml (concentra-
tion verified using LC/MS-MS dosage) for a |5 min contact.

Embryo handling was performed 24, 48 and 72 h after hCG injection
in the three HC groups. At 96 h, blastocysts were allocated and dry-
frozen in RNAse-free tubes for the planned analysis (transcriptomic
and retrotransposon analysis).

— ToDayN+1 -
Embryo culture =—" handli Intermediate Embryo handling Embryo culture
Day N Medium dlih Sl medium for 20 seconds Medium
(Global Total®) 15 minutes (Global Total®)
Global + DMSO
HC1 f
Global + DMSO
HC2 _ _ _
Global + BPA+DMSO
HC3 =

Figure I. The experimental protocol. Three handling conditions (HCs) of embryos were compared. From the drop of embryo culture
medium, the embryos were transferred (by groups of 10) for |15min in the same medium supplemented with 0.5 ng/ml BPA (HC3) or its vehicle
(HCI and HC2). The embryos were then maintained for 20's in a glass stripper (HC2 and HC3) or in a polycarbonate stripper (HCI) before being
placed back into the culture medium for an additional 24 h culture. This was done at 24, 48 and 72 h post-coitum.
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Measurements of BPA concentrations

The HC3 condition was selected based on our previous results on
three brands of strippers (Gatimel et al., 2016). In order to check if
the strippers used in 2020 (from a unique manufacturer) gave the
same results, we measured the concentrations of BPA released by
those strippers in routine-like conditions using the same methodology
as previously described (Gatimel et al., 2016) excepted that each strip-
per was filled with 3l of Global® Total® medium. Three different
batches of strippers were tested, each in triplicate. Briefly, for one rep-
licate, 20 strippers from the same batch were pre-warmed at 37°C
and individually filled with 3pl taken from a 25pul drop of 37°C
warmed Global® Total® medium. After 20's of contact, each 3 pl were
added to the same Eppendorf 1.5 ml tube for final storing at —20°C.
We also re-tested the embryo culture medium (two batches in tripli-
cate) and the oil (one batch in triplicate) by taking 50 pl directly from
their commercial vials. Finally, two microdrops of 30 pl of the embryo
culture medium were incubated at 37°C, 5% CO, for 24 h under oil
in the same dish as those used for culturing the mouse embryos, then
25 pl from each drop was taken and pooled in an Eppendorf [.5ml
tube. This was done in triplicate for two batches of the medium. The
plastic tips and tubes used to sample and store the samples had been
previously excluded as they did not release detectable BPA (Gatimel
etal, 2016).

Evaluation of embryo development

For each HC group, embryo development was assessed each day by
the same embryologist (J.M.) at the time of embryo handling. At Day
2, the number of eight cells embryos was noted and at Day 3, the
number of compacted morula was noted. On Day 4, 91 embryos
were photographed and assigned a three-digit random number using
the Xcel software. The pictures were ranked by ascending order of
the random number and blindly given to a second embryologist
(RD.L). The number as well as the type of blastocysts obtained
(young i.e. an embryo with a blastocoel cavity whose diameter has
not increased, expanded or hatched) were assessed. Percentages
were calculated from the number of two cells embryos assigned in
each condition. Variables were expressed as numbers (percentages)
and compared using the %> or Fisher’s exact test as appropriate.

RNA extraction for the transcriptomic
analysis

RNA extraction was performed on pools of |15 frozen blastocysts and
4 pools per HC group. As the embryo gene expression is dynamic
and highly dependent on the embryo stage, we chose to compare
gene expression between the three HC groups on the expanded blas-
tocysts only. We used the Arcturus PicoPure™ RNA isolation kit
(LifeTechnologies, Courtaboeuf, France) for the RNA extraction.
Briefly, 100 pul of extraction buffer was added to each pool of embryos.
The samples were then incubated at 42°C for 30 min and then 100 pl
of ethanol (70%) was added to each sample. The samples were then
deposited on columns previously incubated with 250 pl of conditioning
buffer. After two centrifugations, the columns were washed once with
100 pl of washing buffer. The samples were then incubated with 40 pl
of DNAse (Qiagen, Courtaboeuf, France) for 15min at 25°C. The
samples were then washed three times, and finally, || pl of elution

buffer was added to the samples. After incubation (I min) and two
centrifugations, the RNA of each sample was isolated and frozen at
—80°C until analysis. RNA quantities and qualities were checked using
the Agilent 5200 Fragment Analyzer System. The mean total RNA
concentration was |.44 4= 0.46 ng/pl and RNA quality was good (RNA
quality numbers and 28S/18S ratios respectively as means £ SD:
9.37+1.36 and 2.38£0.77). A one-way ANOVA was performed to
compare the RNA concentrations between HC groups.

Transcriptome analysis

Microarray gene expression profiles were performed at the GeT-TRiX
facility (GénoToul, Génopole, Toulouse, Midi-Pyrénées) using Agilent
Sureprint G3 Mouse GE v2 microarrays (8x60K, design 074809) fol-
lowing the manufacturer’s instructions. For each sample, Cyanine-3
(Cy3) labelled cRNA was prepared from 2 ng of total RNA using the
One-Color Quick Amp Labelling kit (Agilent Technologies) in accor-
dance with the manufacturer’s instructions, followed by Agencourt
RNAClean XP (Agencourt Bioscience Corporation,
Massachusetts). Dye incorporation and cRNA yield were checked us-
ing Dropsense'"' 96 UV/VIS droplet reader (Trinean, Belgium). Then
600 ng of Cy3-labelled cRNA was hybridized on the microarray slides

Beverly,

in accordance with the manufacturer’s instructions. Immediately after
washing, the slides were scanned on an Agilent G2505C Microarray
Scanner using Agilent Scan Control A.8.5.1 software and the fluores-
cence signals were extracted using Agilent Feature Extraction software
vI10.10.1.1 with default parameters.

Microarray data and experimental details are available in NCBI's
Gene Expression Omnibus (Edgar et al., 2002) and are accessible
through GEO Series accession number GSE|48868. Statistical analysis
of the microarray data was performed using R (R Core Team, 2018)
and Bioconductor packages (Huber et al., 2015) as described in GEO
accession GSE148868. The raw data (median signal intensities) were
filtered, log2 transformed and normalized using the quantile method
(Bolstad et al., 2003). A model was fitted using the limma ImFit func-
tion (Ritchie et al., 2015). Pair-wise comparisons between biological
conditions were applied using specific contrasts. A correction for mul-
tiple testing was applied using the Benjamini-Hochberg (BH) proce-
dure (Benjamini and Hochberg, 1995) to control the False Discovery
Rate (FDR). Probes with FDR <0.05 were considered to be differen-
tially expressed between the conditions.

LINE-1 (Orf2) analysis

LINE-I is a transposable element (TE) which represents |7% of the
human genome. It has two open reading frames that encode the pro-
teins required for its retrotransposition. Although the vast majority of
LINE-I elements have been inactivated during evolution, i.e. they are
unable to retrotranspose, a few of them (about 80-100) are still active
and have been widely studied in many health subject matters such as
oncology, embryology, neurology and psychiatry (Del Re and Giorgi,
2020). Methylation of DNA at CpG dinucleotides of LINE-I promotor
restricts its expression during preimplantation development (Yandim
and Karakdilah, 2019). Recently, LINE-1 (Orf2) expression in mice blas-
tocysts has been shown to be sensitive to in vitro culture and media
composition (Carmignac et al., 2019) and appeared to be decreased in
cord blood from ART new-borns compared to naturally conceived
ones (Choux et al., 2018). Therefore, evaluation of LINE-1 (Orf2)
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expression by embryos is used as a proxy for an epigenetic impact of
the HC.

Sample preparation

The embryos were frozen in pools of five blastocysts. Then the extrac-
tion of the RNA was carried out on each of the pools blastocysts us-
ing the Arcturus PicoPure™ RNA isolation kit (LifeTechnologies,
Courtaboeuf, France) with an additional DNase digestion step
(TURBO DNA—freeTM, LifeTechnologies, Courtaboeuf, France).
Reverse transcription was realized using SuperScript'"" Il Reverse
Transcriptase (LifeTechnologies, Courtaboeuf, France). At least three
pools of blastocysts per condition were included for analyses.

LINE-1 (Orf2) analysis

A quantitative PCR (qPCR) was performed in order to study the
expression of the LINE-I-transcript (Orf2), a TE using the
Maxima SYBR Green/ROX qPCR Master Mix (LifeTechnologies,
Courtaboeuf, France) as previously described (Carmignac et al., 2019).
The level of expression of LINE | (Orf2) was normalized to the
geometric mean of the expression levels of 2 housekeeping genes
(Gapdh, Ppia) according to the formula: LINE | (Orf2)/geometric
mean (Gapdh, Ppia) —2(CUUNE-! (Orf2)Jarithmetic mean [Cx(Gapdh).Ce(Ppia)),
where Ct is the threshold cycle. Condition HC2 was taken as a refer-
ence for the study of LINE-1 (Orf2) expression in HC| and HC3 using
the 2724 < calculation. Data were analysed with Bio-Rad CFX
Manager (Version 3.0.1224.1015). The primers used were 5 TCCAT
GACAACTTTGGCATTG3 (F) and 5'CAGTCTTCTGGGTGGC
AGTGA3' (R) for Gapdh, 5’ CGCGTCTCCTTCGAGCTGTTTG3' (F)
and 5'TGTAAAGTCACCACCCTGGCACAT3' (R) for Ppia and
5GGAGGGACATTTCATTCTCATCA3' (F) and 5GCTGCTCTTGT
ATTTGGAGCATAGA3Z' (R) for LINE-I.

Statistical analysis

Percentages were compared using the 3> test. Continuous variables
were expressed as means &+ SDs, and compared using the Student’s
or Mann—Whitney test, as appropriate. Statistical analysis was per-
formed with SAS software, v. 9.4 (SAS Institute Inc, USA). A P-value
<0.05 was considered significant.

Results

BPA measurements

BPA measurements are presented in Supplementary Table SI. The
culture medium and the oil did not contain quantifiable levels of BPA.
The same was true after incubating microdrops of medium for 24 h on
the IVF dishes in the conditions used to culture mouse embryos.
Finally, all three batches of strippers released BPA in the medium
contained in their interior volume to a mean concentration of
[.1 £0.2ng/ml.

Embryonic development

After recovery, 262, 293 and 262 zygotes were respectively allocated
to the HCI, HC2 and HC3 groups. Embryo development at Day 2

Table |1 Evaluation of embryo development in the three
experimental groups.

Handling conditions HCI HC2 HC3
Day I. 2-cell embryos 228 243 230

Day 2. 8-cell embryos (% 2 cell 216 (95) 232(95) 213 (93)
embryos)

Day 3. Morulas (% 2 cell embryos) 198 (87) 200 (82) 192(83)
Day 4. Blastocysts (% 2 cell embryos) 126 (55) 112 (46)" 100 (43)"
Expanded blastocysts (% of 59(47) 61 (54) 31@EN
blastocysts)

Expanded or Hatched blastocysts (% 77 (61) 74 (66) 49 (49)f

of blastocysts)

*P < 0.05: significant difference compared with HCI.
P < 0.05: significant difference compared with HC2.

and Day 3 was similar between the three conditions (Table I).
Handling embryos with plastic strippers (HCI) yielded an increased
blastocyst rate compared to glass strippers (HC2) (55 vs 46%;
P<0.05) and to a short exposure to BPA (HC3) (55 vs 43%;
P < 0.05). However, in the latter experimental condition, blastocysts
were significantly less expanded compared to those in HC| and HC2

(Table ).

Transcriptomic analysis

Prior to performing the transcriptomic analysis, we evaluated a
possible difference in RNA amounts between the HC groups using a
one-way ANOVA. The result indicates that there was no significant dif-
ference (P=0.812) in RNA concentrations according the HC groups,
and thus no impact can be expected on the generation of transcrip-
tomes. All the samples exceeded the minimum labelling yield and specific
activity values recommended by Agilent (0.825pg cRNA and 6 pmol
Cy3/ng cRNA). The background noise of the all microarray was homo-
geneous and below (mean intensity of 25) the value recommended by
Agilent (intensity < 40). A Principal Component Analysis was performed
on normalized expression data to illustrate the main sources of variabil-
ity. The first two components, gathering 37% of the gene expression var-
iability between all samples, failed to show evidence of a clear influence
of the HC groups on the transcriptome (Fig. 2). Differential gene expres-
sion analysis did not identify any statistical difference between conditions
HCI, HC2 or HC3 after correction for multiple testing using the BH
procedure (adjusted P-value < 0.05).

LINE-1 (Orf2) analysis

Taking HC2 as reference, the level of expression of LINE-I (Orf2) was
not statistically different in the three different conditions (P < 0.05)

(Fig. 3).

Discussion

We previously showed that human embryos could be in close contact
with weak concentrations (around 0.5 ng/ml i.e. 2.19 nM) of BPA inside
PC strippers from three different manufacturers (Gatimel et al., 2016),
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Figure 2. Principal component analysis of transcriptomic
data. Normalized expression signals were subjected to a principal
component analysis. The four replicates in each condition (HCI,
HC2 and HC3) were projected to components | and 2. Ellipses illus-
trate 95% confidence region for each condition.

LINE-1 (Orf2)
1.00
0.90 |
0.80 |
0.70 |

0.60 |

Fold change (AU)

0.30 |

0.20 |

0.10 |

0.00 | !
HC1 HC3

Figure 3. Relative expression of LINE-1 (Orf2) under con-
ditions HCIl and HC3 as measured by RT-qPCR. The data
are normalized to Gapdh and Ppia and expressed as the fold change
pertaining to control group HC2 (condition HC2 was taken as a ref-
erence: HC2 fold change = |). Data represent mean £ SEM from at
least three biological replicates (five blastocysts per replicate).

which prompted us to assess the embryonic effects of such an
exposure.

Interestingly, the handling of embryos in PC strippers yielded better
development to the blastocyst stage compared to glass strippers (HCI
vs HC2) or to low (0.5ng/ml or 2.19nM) and short daily (I5min)
exposures to BPA (HCI vs HC3). We have no argument to consider
that handling embryos with glass strippers could have a toxic effect on
embryo development. Firstly, we used IVF-certified and MEA-tested
glass strippers. Secondly, two studies compared mice embryo culture
from the zygote stage into glass capillaries (10 embryos in 25pl of
culture medium (Popova et al., 2011)) or microcapillaries (2 embryos
in | pl of culture medium (Thouas et al., 2003)) to control cultures in
plastic dishes. Blastocyst rates were either increased (Popova et al.,
2011) or identical but with larger proportions of partially or fully
hatched blastocysts (Thouas et al., 2003) using glass materials.

At the same time, our results show that a short (I15min) daily
embryonic exposure to low concentrations of BPA had no influence
on development to the blastocyst stage as HC2 and HC3 vyield the
same blastocyst rates. So far, the three studies assessing the impact of
BPA exposure on in vitro preimplantation development in mice have
used a chronic exposure covering the entire culture period. These
studies constantly revealed a decrease in blastocyst rates after expo-
sure to high concentrations (100 uM) of BPA (Takai et al., 2000, 2001;
Lee et al, 2012). In contrast, in these same studies, lower doses of
BPA exposure resulted either (I nM and 3nM) in a slight increase in
blastocyst rates (Takai et al., 2000, 2001) or in non-significant change
(10nM, Lee et al, 2012). Apart from mice, one study reported a
lower blastocyst rate after the exposure of eight-cell bovine embryos
to BPA at 43.8nM (10ng/ml) for 96 h and no differences at a concen-
tration of 4.38nM (I ng/ml) (Choi et al., 2016). Brought together, the
observations on blastocysts rates in our study argue in favour of the
conclusion that the plastic strippers have positive effects on embryo
development but that they are not BPA-related. PC manufacturing
processes not only use BPA but also several other plastic additives af-
fecting the product’s final aspect, transparency and flexibility. One can
speculate that some of these additives could be responsible for the
observed effects. This is a difficult hypothesis that requires further
studies. The questions would be more easily answered if manufac-
turers were involved and gave access to accurate data. Our positive
control HC3 contained 0.5ng/ml BPA based on our previous results
on three different brands of plastic strippers (Gatimel et al., 2016).
Here we checked the release of BPA for one of these brands and ob-
served, using exactly the same methodology as in 2016, a higher BPA
release (1.1 ng/ml). In our opinion, this higher released could not ex-
plain the higher blastocyst rate observed in HCI versus HC3 since it is
known that the non-monotonic relationships between BPA concentra-
tion exposure and in vitro embryo development in the mouse required
at least a factor of 10 difference in BPA concentrations to be observed
(Takai et al., 2000; Lee et al., 2012). We do not know if the manufac-
turer performed any change in the manufacturing process between
2016 and 2020. As far as we know, only one manufacturer claims to
propose, since 2018, a stripper made out from polyamide that is ‘con-
sidered to be bisphenol A (BPA) free’ as mentioned on their website.

Different results have been found concerning blastocyst morphol-
ogy. In our study, blastocyst expansion was delayed only after BPA ex-
posure as the proportion of expanded blastocysts as well as expanded
or hatched blastocysts was lower in HC3 compared to the other
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groups. These results are at odds with those of Takai et al. (2000,
2001) that did not find a morphological difference between embryos
exposed to BPA and non-exposed embryos. Differences in doses, mo-
dalities of BPA exposure, use of an outbred strain of mice and the
blind analysis of embryo morphology render the comparison of these
results difficult. In the bovine model, no differences were found in the
type of blastocysts (expanded or not) regardless of the level of BPA
exposure (I ng/ml or 10ng/ml, Choi et al., 2016).

In conditions designed to mimic the human situation (outbred strain
of mice, 20's exposure to the stripper once a day for 3 days, plastic lab-
ware and culture medium used for human IVF), our results are reassur-
ing. After comparing same-stage mice blastocysts obtained after being
handled either in plastic strippers or in glass strippers or after a short
exposure once a day to 0.5ng/ml BPA, we did not identify difference
in their gene expression nor in their expression for the retrotransposon
LINE-1 (Orf2). Because the embryo transcriptome is highly dynamic
during the preimplantation development, we want to stress out the tre-
mendous importance of comparing same-stage embryos when assessing
the effects of an external factor on the embryo gene expression.
Otherwise, should this factor delay the embryo development for exam-
ple, one could conclude by mistake that it also affects the gene expres-
sion while the differential gene expression only reflects the differential
development progress. To our knowledge, this is the first data on the
impact of BPA on global gene transcription during mammalian preim-
plantation embryonic development. Using bovine embryos, Choi et al.
(2016) demonstrated differences in the blastocyst development rate af-
ter exposure to 10ng/ml, but no difference on blastocyst morphology
or on the expression of the panel of genes analysed by RT-qPCR.
Although there is no data showing the consequences of gene deregula-
tion after in vitro exposure to BPA on preimplantation embryonic devel-
opment, some data are available on post-implantation embryonic
development. Susiarjo et al. (2013) observed a change in the genes
subjected to parental imprinting in embryos and placentas at the em-
bryonic days 9.5 and 12.5 when the mother had been exposed to
10 mg/kg bw/day of BPA in the periconceptional period. Albeit the ab-
sence of gene expression deregulation, we have shown that a single
daily embryo handling with PC strippers can affect the preimplantation
embryo’s developmental abilities, therefore it would be interesting to
check if it also influences long-term development. After the in utero
transfer of in vitro cultured embryos in the presence of BPA, Takai et dl.
(2001) did not show any differences in immediate postnatal data (num-
ber of pups per litter, birth weight and sex ratio) between the groups
exposed or not to BPA. However, at weaning (postnatal day 21) they
showed an sharp increase in the weight of females (+39%) when ex-
posed to BPA, including in low concentrations (I nM) (Takai et al.,
2001). If true, the mechanisms underlying these observations are un-
known but probably involve epigenetic programming of the embryo.
Using LINE-1 (Orf2) expression as a proxy for the embryo epigenetic
state, we failed to evidence any impact of short BPA exposures or PC
stripper handling operations. However, the limit of our study lies in the
fact that we did not analyse the whole epigenome of the embryos.

Conclusion

The process of BPA substitution has already started in other areas,
particularly in the food sector for which numerous legislative decisions

have prohibited the use of BPA in plastics in contact with food or
even early childhood products (Santé Publique France, 2019).
However, substitute substances, including bisphenols S and F must
also be evaluated given the doubts about their safety (Rochester and
Bolden, 2015). Regarding the use of PC strippers in ART laboratories,
the data obtained in our mouse embryo model were encouraging, as-
suming that murine-related data translates to preimplantation humans
embryo physiology (Sharpe, 2018). Yet, a blind appliance of the pre-
cautionary principle without sufficient arguments may be counterpro-
ductive, as our study provides the first clues to help make decisions.
Additionally, substituting this material for glass material could be a safer
alternative although glass represents a risk of embryo loss due to glass
breakage.
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Data availability

The data underlying this article are available in the article and in its
online supplementary material.

Acknowledgements

We thank Anthony Emile for his contribution to the microarray finger-
prints acquisition at GeT-TRiX Genopole Toulouse Midi-Pyrénées facil-
ity (https://doi.org/10.15454/1.5572370921303193E12). We thank
Cooper Surgical for kindly provide strippers and media from different
batches.

Authors’ roles

J.M. carried out all the experiments, participated in their analysis and
wrote the article. R.D.L. designed the study, participated in the data
analysis and the manuscript writing. G.T. performed mouse superovula-
tions and helped perform the embryo culture. Y.L. and C.N. partici-
pated in the transcriptomics study and the analysis of results. P.F. and
M.G. participated in the retrotransposons study and the analysis of
results. A.A.H. performed the BPA measurements. N.G., V.G. and J.P.
participated in the development of the study protocol and proofread
this article.

Funding

This study received funding from the 2016 French Biomedicine Agency
(ACR 2016).

Conflict of interest

The authors declare that they have no conflict of interest.

€20z aunr zo uo 1senb Aq 26//009/1£€/Z/9€/a10nE/daIwNy W00 dno dlwspese)/:sdjjy Wolj papeojumoq


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deaa290#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deaa290#supplementary-data
https://doi.org/10.15454/1.5572370921303193E12

338

Moreau et al.

References

Benjamini Y, Hochberg Y. Controlling the false discovery rate—a
practical and powerful approach. | R Stat Soc Ser B 1995;57:
289-300.

Bolstad BM, Irizarry RA, Astrand M, Speed TP. A comparison of nor-
malization methods for high density oligonucleotide array data
based on variance and bias. Bioinformatics 2003;19:185—193.

Carmignac V, Barberet |, Iranzo |, Quéré R, Guilleman M, Bourc’his
D, Fauque P. Effects of assisted reproductive technologies on
transposon regulation in the mouse pre-implanted embryo. Hum
Reprod 2019;34:612-622.

Chao H-H, Zhang X-F, Chen B, Pan B, Zhang L-J, Li L, Sun X-F, Shi
Q-H, Shen W. Bisphenol A exposure modifies methylation of
imprinted genes in mouse oocytes via the estrogen receptor signal-
ing pathway. Histochem Cell Biol 2012;137:249-259.

Choi B-l, Harvey AJ, Green MP. Bisphenol A affects early bovine em-
bryo development and metabolism that is negated by an oestrogen
receptor inhibitor. Sci Rep 2016;6:29318.

Choux C, Binquet C, Carmignac V, Bruno C, Chapusot C, Barberet
J, Lamotte M, Sagot P, Bourc’his D, Fauque P. The epigenetic con-
trol of transposable elements and imprinted genes in newborns is
affected by the mode of conception: ART versus spontaneous
conception without underlying infertility. Hum Reprod 2018;33:
331-340.

Del Re B, Giorgi G. Long interspersed element-|1 mobility as a sensor
of environmental stresses. Environ Mol Mutagen 2020;61:465-493.

Edgar R, Domrachev M, Lash AE. Gene expression omnibus: NCBI
gene expression and hybridization array data repository. Nucleic
Acids Res 2002;30:207-210.

Ehrlich S, Williams PL, Missmer SA, Flaws JA, Berry KF, Calafat
AM, Ye X, Petrozza |C, Wright D, Hauser R. Urinary bisphenol
A concentrations and implantation failure among women under-
going in vitro fertilization. Environ Health Perspect 2012a;120:
978-983.

Ehrlich S, Williams PL, Missmer SA, Flaws JA, Ye X, Calafat AM,
Petrozza JC, Wright D, Hauser R. Urinary bisphenol A concentra-
tions and early reproductive health outcomes among women un-
dergoing IVF. Hum Reprod 2012b;27:3583-3592.

Gatimel N, Lacroix MZ, Chanthavisouk S, Picard-Hagen N, Gayrard
V, Parinaud J, Léandri RD. Bisphenol A in culture media and plastic
consumables used for ART. Hum Reprod 2016;3 1:1436—1444.

Heublein S, Lenhard M, Vrekoussis T, Schoepfer ], Kuhn C, Friese K,
Makrigiannakis A, Mayr D, Jeschke U. The G-protein-coupled es-
trogen receptor (GPER) is expressed in normal human ovaries and
is upregulated in ovarian endometriosis and pelvic inflammatory
disease involving the ovary. Reprod Sci 2012;19:1197—-1204.

Huber W, Carey V|, Gentleman R, Anders S, Carlson M, Carvalho
BS, Bravo HC, Davis S, Gatto L, Girke T et al. Orchestrating high-
throughput genomic analysis with Bioconductor. Nat Methods
2015;02:115-121.

Lee M-S, Lee Y-S, Lee H-H, Song H-Y. Human endometrial cell
coculture reduces the endocrine disruptor toxicity on mouse em-
bryo development. | Occup Med Toxicol 2012;7:7.

Li Y-R, Ren C-E, Zhang Q, Li J-C, Chian R-C. Expression of G
protein estrogen receptor (GPER) on membrane of mouse

oocytes during maturation. | Assist Reprod Genet 2013;30:
227-232.

MacKay H, Abizaid A. A plurality of molecular targets: the receptor
ecosystem for bisphenol-A (BPA). Horm Behav 2018;101:59-67.
Mok-Lin E, Ehrlich S, Williams PL, Petrozza |, Wright DL, Calafat
AM, Ye X, Hauser R. Urinary bisphenol A concentrations and
ovarian response among women undergoing IVF. Int | Androl 2010;

33:385-393.

Peretz |, Vrooman L, Ricke WA, Hunt PA, Ehrlich S, Hauser R,
Padmanabhan V, Taylor HS, Swan SH, VandeVoort CA et dl.
Bisphenol A and reproductive health: update of experimental and
human evidence, 2007-2013. Environ Health Perspect 2014;122:
775-786.

Popova E, Bader M, Krivokharchenko A. Effect of culture conditions
on viability of mouse and rat embryos developed in vitro. Genes
201 1;2:332-344.

R Core Team. R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing; 2018.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK.
Limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res 2015;43:e47.

Rochester JR, Bolden AL. Bisphenol S and F: a systematic review and
comparison of the hormonal activity of bisphenol A substitutes.
Environ Health Perspect 2015;123:643-650.

Santé Publique France. Imprégnation de la population frangaise par
les bisphénols A, S et F: Programme national de biosurveillance,
Esteban 2014-2016. 2019. https://www.santepubliquefrance.fr/
determinants-de-sante/exposition-a-des-substances-chimiques/per
turbateurs-endocriniens/documents/rapport-synthese/impregna
tion-de-la-population-francaise-par-les-bisphenols-a-s-et-f-pro
gramme-national-de-biosurveillance-esteban-2014-2016.

Sharpe RM. Of mice and men: long-term safety of assisted reproduc-
tion treatments. Hum Reprod 2018;33:793-796.

Souter |, Smith KW, Dimitriadis |, Ehrlich S, Williams PL, Calafat AM,
Hauser R. The association of bisphenol-A urinary concentrations
with antral follicle counts and other measures of ovarian reserve in
women undergoing infertility treatments. Reprod Toxicol 2013;42:
224-231.

Susiarjo M, Sasson |, Mesaros C, Bartolomei MS. Bisphenol A expo-
sure disrupts genomic imprinting in the mouse. PLoS Genet 2013;9:
el003401.

Takai Y, Tsutsumi O, lkezuki Y, Hiroi H, Osuga Y, Momoeda M,
Yano T, Taketani Y. Estrogen receptor-mediated effects of a xen-
oestrogen, bisphenol A, on preimplantation mouse embryos.
Biochem Biophys Res Commun 2000;270:918-921.

Takai Y, Tsutsumi O, lkezuki Y, Kamei Y, Osuga Y, Yano T, Taketan
Y. Preimplantation exposure to bisphenol A advances postnatal
development. Reprod Toxicol 2001;15:71-74.

Thouas GA, Jones GM, Trounson AO. The “GO” system—a novel
method of microculture for in vitro development of mouse zygotes
to the blastocyst stage. Reproduction 2003;126:161—169.

Vandenberg LN, Chahoud |, Heindel JJ, Padmanabhan 'V,
Paumgartten FJR, Schoenfelder G. Urinary, circulating, and tissue
biomonitoring studies indicate widespread exposure to bisphenol
A. Environ Health Perspect 2010;118:1055-1070.

Xavier M), Roman SD, Aitken RJ, Nixon B. Transgenerational inheri-
tance: how impacts to the epigenetic and genetic information of

€20z aunr zo uo 1senb Aq 26//009/1£€/Z/9€/a10nE/daIwNy W00 dno dlwspese)/:sdjjy Wolj papeojumoq


https://www.santepubliquefrance.fr/determinants-de-sante/exposition-a-des-substances-chimiques/perturbateurs-endocriniens/documents/rapport-synthese/impregnation-de-la-population-francaise-par-les-bisphenols-a-s-et-f-programme-national-de-biosurveillance-esteban-2014-2016
https://www.santepubliquefrance.fr/determinants-de-sante/exposition-a-des-substances-chimiques/perturbateurs-endocriniens/documents/rapport-synthese/impregnation-de-la-population-francaise-par-les-bisphenols-a-s-et-f-programme-national-de-biosurveillance-esteban-2014-2016
https://www.santepubliquefrance.fr/determinants-de-sante/exposition-a-des-substances-chimiques/perturbateurs-endocriniens/documents/rapport-synthese/impregnation-de-la-population-francaise-par-les-bisphenols-a-s-et-f-programme-national-de-biosurveillance-esteban-2014-2016
https://www.santepubliquefrance.fr/determinants-de-sante/exposition-a-des-substances-chimiques/perturbateurs-endocriniens/documents/rapport-synthese/impregnation-de-la-population-francaise-par-les-bisphenols-a-s-et-f-programme-national-de-biosurveillance-esteban-2014-2016
https://www.santepubliquefrance.fr/determinants-de-sante/exposition-a-des-substances-chimiques/perturbateurs-endocriniens/documents/rapport-synthese/impregnation-de-la-population-francaise-par-les-bisphenols-a-s-et-f-programme-national-de-biosurveillance-esteban-2014-2016

Impact of plastic strippers on embryo development

339

parents affect offspring health. Hum Reprod Update 2019;25:
519-541.

Xiao S, Diao H, Smith MA, Song X, Ye X. Preimplantation exposure
to bisphenol A (BPA) affects embryo transport, preimplantation
embryo development, and uterine receptivity in mice. Reprod
Toxicol 201 1;32:434-441.

Yandim C, Karakiilah G. Expression dynamics of repetitive DNA in early
human embryonic development. BMC Genomics 2019;20:439.

Yul, QuT, Zhang S, Yuan D, Xu Q, Zhang J, He Y, Yue L. GPR30
mediates the fast effect of estrogen on mouse blastocyst and its
role in implantation. Reprod Sci 2015;22:1312-1320.

Zhang S-M, Yu L-L, Qu T, Hu Y, Yuan D-Z, Zhang S, Xu Q, Zhao
Y-B, Zhang J-H, Yue L-M. The changes of cytoskeletal proteins in-
duced by the fast effect of estrogen in mouse blastocysts and its
roles in implantation. Reprod Sci 2017;24:1639—1646.

€20z aunr zo uo 1senb Aq 26//009/1£€/Z/9€/a10nE/daIwNy W00 dno dlwspese)/:sdjjy Wolj papeojumoq



	tblfn1
	tblfn2

